INTRODUCTION
The diagnosis of rotor faults in induction motors is a problem with unquestionable industrial interest in the field of the predictive maintenance of electrical machines; this type of failure amounts for a significant percentage on the faults feasible to occur in this type of machines [1] . In addition, the costs that it might cause, if it is not diagnosed in time, can be huge.
The diagnosis of rotor asymmetries in asynchronous machines has been deeply studied by many authors; a review of the bibliography on this field can be found in [2] . Basically, the different diagnosis methods proposed can be classified following two different criteria:
-According to the physical quantity analysed for monitoring the rotor condition; diagnosis methods based on the measurement of vibrations [3] , fluxes on search coils [4] , axial flux on coils concentric with the shaft [5] , air-gap torque [6] , instantaneous power [7] , residual voltages during the disconnection [8] or stator currents [1, [9] [10] [11] have been proposed; the methods based on the measurement of the stator current have drawn most of the attention in the industrial environment, since this signal can be obtained directly from the already existing current transformers, avoiding the installation of any specific probe or any interruption on the operation of the machine.
-According to the operation regime of the machine when the measurement is done. There are two possibilities: monitoring magnitudes in steady-state or during transient operation. Initially, diagnosis methods based on steady-state analysis were developed; they have become the most used in the industrial environment. However, during these last years, thanks to the advances done in the signal processing field, diagnosis techniques based on the transient analysis have been introduced. These methods have proven their validity for some applications [12] [13] [14] [15] [16] [17] [18] .
However, despite the multiple existing references, the detection of rotor faults cannot be considered a problem completely solved. The difficulty of the diagnosis is due to the inherent characteristics of this fault:
Firstly, due to the constructive characteristics of the squirrel-cage rotor, the direct measurement of electrical magnitudes in this part of the machine is not possible.
Moreover, during the real operation of the motors, a bar breakage does not produce apparent symptoms; no significant increases in the temperature, demanded currents or slip appear; furthermore, no substantial increment neither in the noise nor even in the vibrations is produced.
Nevertheless, if the fault is not diagnosed during its early stages, it gets worse, propagating towards the adjacent bars, appearing local hot spots and interbar currents that can damage the magnetic circuit [19] . If this stage of the fault is reached, some symptoms enabling its easy diagnosis appear; however, the repair has a much higher cost or it may even be unfeasible. Therefore, an efficient diagnosis method should be sensitive enough for detecting the fault in its incipient state.
Another feature that every system for the detection of rotor faults should achieve is the reliability of its diagnostics; this means that the probability of occurrence of a wrong positive diagnostic, induced by causes different from a rotor failure, should be very low. This characteristic is crucial, mainly when diagnosing large machines, in which the interruption, disassembly, and reassembly costs can be very important.
It has to be remarked that none of the diagnosis methods hitherto introduced is capable to guarantee the sensitivity and reliability required in the industrial environment for all the possible utilization conditions of the induction motors. Indeed, when facing a specific problem, the first step for reaching a diagnostic should be the selection of the most suitable method for the utilization conditions of the machine.
In this paper, two alternative approaches for rotor fault diagnosis based on the analysis of transient stator currents are presented applied to different machines under real operation conditions. It is shown that both methods, developed by two different research groups, share the same physical basis: the extraction during the startup transient of the left sideband component caused by the breakage, from the stator current signal. Nevertheless, these methods employ different signal processing tools for this purpose. The first approach is based on the use of a digital low-pass filter which extracts the evolution of the sideband component under a predefined cut-off frequency. The second method is based on the application of the Discrete Wavelet Transform (DWT) to the startup current signal and the subsequent study of the approximation signal covering the range of frequencies through which the left sideband evolves [14, [20] [21] . Both methods are applied to different industrial machines (ranging from 1.1 to 450 kW and with different number of poles) under various load conditions. Results show the validity of both techniques for the diagnosis of rotor asymmetries, especially when the startup length is not too short. In this situation, the methods are proven to be enough sensitive to detect even a single bar breakage, enabling a very reliable diagnostic.
Another goal of this paper is to extend the validation of the approach developed in [20] to machines with large sizes, supplied with high voltage and with double cage, working under real industrial conditions, as well as to show the flexibility of the DWT approach for bringing a reliable diagnostic, even when non related fault components distort the characteristic pattern of the fault.
The paper is organized as follows: Section 2 reviews the physical bases of the rotor fault diagnosis methods based on stator current analysis; the scope of application of steady-state and transient based methods is commented. In Section 3, the diagnosis technique based on low pass filtering (DLPF) is presented and validated by tests. Section 4 deals with the method based on the DWT analysis, which is also introduced and validated. Finally, the conclusions of the work are presented.
PHYSICAL FOUNDATIONS OF THE METHOD
The diagnosis of cage asymmetries can be based on the examination of different signals of electrical, magnetic or mechanical nature. Nevertheless, as it was commented before, in the industrial environment, the supply currents are the most used signals for diagnosis purposes.
Diagnosis based on the analysis of the steady-state stator current.
The physical bases for most of the diagnosis approaches based on stator current analysis were introduced by Kliman, Elkasabgy, Thomson and others [22] [23] : when a rotor bar breaks, the current cannot circulate through it and, consequently, a perturbation (or fault field) in the magnetic air-gap field appears. In steady state, the fault field induces some current components in the stator windings, with characteristic frequencies. Depending on the constructive parameters of machine and the total inertia of the group, these frequencies can be calculated by (1) and (2):
where f b : detectable bar breakage frequencies; p: number of pole pairs; f : supply frequency; s: slip. Among these current components, the most relevant is that known as left sideband harmonic (f Ls ), with frequency given by (3):
The diagnosis principle of the approaches based on the harmonic analysis of the steady-state stator current basically consists of finding some of these components (mainly the left sideband component)
within the spectrum of the sampled current signal.
Regarding the sensitivity and reliability of these approaches, the following facts should be remarked:
-The amplitudes of the fault components in the stator current are load-dependant. In a machine with a single bar breakage working under full load, the sideband components can reach roughly one per cent of the amplitude of the fundamental component [14] . This amplitude decreases when the load does, so the sensitivity of the diagnosis becomes very poor in machines working with light loads.
-The frequencies of the fault components depend on the slip; when the slip decreases, these frequencies get closer to the values for the frequencies of the usual harmonics present in healthy machines (the fundamental or higher order harmonics produced by windings distribution or saturation); so the reliability of the diagnosis also decreases when the load reduces.
-The resolution reached in the determination of the harmonic frequencies of a sampled signal depends on the length of the sampling interval. A high resolution implies a long sampling interval, and this is only possible if the machine works strictly in steady state. Load or voltage fluctuations cause uncertainty in the frequencies of the fault components [11, 14] ; subsequently, the fault harmonics can be confused with harmonics with similar frequencies caused by other phenomena. This means that the reliability of the diagnosis also reduces when the uniformity of the machine regime decreases.
Therefore, in general, the steady-state analysis approaches are suitable for applications in which the machine works near the full load condition and under a strict steady-state regime.
Diagnosis based on the analysis of the stator startup current.
In order to avoid these disadvantages, recent methods based on the detection of the left sideband For not too fast startups, once the electromagnetic transient is finished, it can be assumed that the machine accelerates following a succession of stationary regimes, with increasing speeds. Under these conditions, the left sideband harmonic has a continuous evolution, changing its frequency with the slip, as indicated by (3) . This frequency evolves in a particular way; it starts being equal to 50 Hz, at the time when the machine is connected (s=1). As the rotor accelerates, the frequency drops, reaching 0 Hz when the slip equals to 0.5. From this time, it increases again reaching nearly 50 Hz, when the steady-state regime is reached (s0). Figure 1 shows the calculated evolution of left sideband for a startup of a 1.1 kW squirrel cage machine with a broken bar. This evolution was justified theoretically by the authors in [20] .
The reader can see Appendix I for further information. Some methods based on this phenomenon have been proposed during these last few years for detecting this component, using different signal analysis techniques. In this sense, Watson and others [12, 13] propose the detection of the component through the convolution of the current signal with a Gaussian wavelet. In [15] , the DWT coefficients are used for the diagnosis. The method proposed in [16] is based on the use of the wavelet ridge. [14, 21] describe a characteristic pattern in the low-frequency wavelet signals, resulting from the DWT of the startup current, as an evidence of the evolution of the left sideband component during this transient.
It has to be remarked that when using approaches based on the transient analysis, the load condition of the induction motor is not important; despite this, these methods need a minimum inertia factor of the group leading to startup times longer than around 0.5 seconds. This is necessary in order to avoid the influence of the initial electromagnetic transient, taking place after the connection of every machine, and the border effects, which in the earlier stage of the startup transient mask completely the sideband component. On the other hand, the larger the length of startup process, the clearer the left sideband evolution is and, so, the better the reliability of the diagnosis. Thus, the approaches based on transient Moreover, the introduction of non-dimensional parameters for the quantification of the degree of severity of the fault complements the qualitative detection of the characteristic patterns caused by the left sideband evolution, strengths the reliability of the proposed approaches. These parameters are useful for the automatic detection of the faults in monitoring systems, since it is easier to detect when the fault parameter exceeds a previously preset threshold value than recognizing a pattern within a signal. When the fault parameter exceeds the threshold value, the system would generate an alert and an off-line analysis of the current could be carried out, in order to reach a reliable diagnostic.
DIAGNOSIS BASED ON THE LEFT SIDEBAND EXTRACTION USING LOW-PASS

FILTERING.
Authors of this paper took part in the elaboration of a diagnostic system based on the low pass filtering of the startup current signal [24] . The system relies on one digitally registered supply current. The registration can be achieved with any equipment, containing an analog-to-digital converter. The results presented next are based on the currents flowing in the secondary winding of current transformers, accessed via current clips. The current clips voltage signal is delivered to a portable computer fitted with an analog-to-digital converting card. The registered startup currents are stored on the disc and are then analyzed offline by the low-pass-filtering based diagnostic system. The system accounts for the correction characteristic resulting from frequency transfer functions of the current transformer, passive current clips, low pass and antialiasing filter. The cut-off frequency assumed for the low pass filtering is 25 Hz.
The application of this technique enables obtaining a diagnosis signal I LP , which contains the time evolution of the components of the original startup current signal with frequencies below the predefined cut-off frequency (25 Hz). Table I resumes the main characteristics of the low pass filter used. It can be synthesized using the "Filter Design & Analysis Tool" (fdatool) of MATLAB. Considering all these facts, a quantification indicator based on the amplitude of this diagnosis signal was developed by the authors. This indicator is defined as follows:
-Firstly, the amplitude of the signal I LP is computed when its frequency reaches a value of 10 Hz, during the interval in which the frequency decreases from the supply frequency to zero (see Figure 2 ).
-Second, the amplitude of the signal I LP is again computed but when its frequency is equal to 10 Hz, during the interval in which the frequency increases again up to the supply frequency (see Figure 2 ).
-The ratios between each one of the amplitudes and the amplitude of the startup current signal at the time when the frequency of 10 Hz occurs are computed.
-The diagnosis indicator  LP is defined as the average of both ratios. Consequently, the indicator  LP is defined as dependant on the amplitude of the diagnosis signal at a particular frequency (10 Hz). The selection of that particular frequency is justified by the previous experience, reached after the vast amount of industrial diagnoses done with this technique; for this particular frequency, the influence of the oscillations introduced by the electromagnetic transient is reduced, since when this frequency occurs, these oscillations have already attenuated. According to the experience, a threshold value for  LP equal to 0.8% is considered to mean that a significant level of asymmetry exists in the machine (at least one broken rotor bar).
Case I: Laboratory tests on a 1.1 kW induction motor with a broken bar.
Figures 3 and 4 illustrate the application of the low pass filtering technique to startup signals obtained from laboratory tests carried out on an industrial cage motor rated 1.1 kW, 400 V, star-configuration, 4
poles and 28 rotor bars. The motor was started direct on line, driving a load with a negligible resistant torque and an inertia factor IF=10, leading to a startup length of 1.6 seconds.
The machine was tested firstly in healthy condition ( Figure 3 ) and then, after forcing a rotor bar breakage ( Figure 4) . Figure 5 shows the tested motor and its rotor with a bar breakage. case of the machine with 1 broken bar ( Figure 4 ) was equal to 1.8%, a value confirming the presence of the significant asymmetry in the motor for that case.
3.2.
Case II: 850/450 kW healthy motor driving a fume exhausting fan.
The machine under diagnosis was a 850/450 kW double speed motor operating at 450 kW (lower speed, number of pole pairs= 5). It was driving a fume exhausting fan in a Power Generation plant.
The application of the low-pass filtering technique is shown in Figure 6 . A very low level of asymmetry is detected, as reflected by the low amplitude of in the diagnosis signal I LP . This is confirmed by the low value of the parameter used for the quantification of the severity of the fault ( LP =0.076 %). Therefore, the asymmetry may be caused by the own defects of the rotor due to the manufacturing process. These results can be taken as a reference of healthy machine when machines with similar characteristics are diagnosed. For the signal in Figure 8 , the diagnostic indicator  LP amounts for 0.81%. This value confirms that a certain level of asymmetry exists in the machine, although on the threshold for being considered as significant.
DIAGNOSIS BASED ON THE LEFT SIDEBAND EXTRACTION USING THE DISCRETE WAVELET TRANSFORM
This section explains the main concepts and practical details in order to understand the application of the Discrete Wavelet Transform for extracting the left sideband component from the startup current.
Further details on Wavelet theory can be found in the specialized literature [25] [26] .
The Discrete Wavelet Transform performs the decomposition of a sampled signal s(t) (s 1 , s 2 , …s N ) onto n+1 wavelet signals: an approximation signal a n (t) and n detail signals d j (t) with j varying from 1 to n:
The parameter n is an integer known as "number of decomposition levels". In order to extract the left sideband, n must be set to a specific value which will be justified below, which is a function of the sampling rate f s of s(t) .
Conceptually, the detail signal d 1 is calculated as: The detail signal d j is calculated in a similar way, but using as a base the wavelet with level j, which is a scaled and time expanded version of the mother wavelet
The approximation signal a n is obtained similarly, but using the known as scaling function  j n and scaling coefficients  j n , instead of the wavelet function and coefficients:
Each mother wavelet is associated with a family of scaling functions, which are perfectly determined once the mother wavelet is selected.
The most relevant concept regarding the extraction of the left sideband is that the DWT behaves as a bank of digital filters; each one of the n+1 signals resulting from the transform approximately represents the time evolution of the components of the original signal belonging to a specific frequency band. f s ] Hz.
Moreover, Figure 9 shows that the DWT does not perform an ideal filtering process; a certain overlap between adjacent bands always exists [27] .
If the number of decomposition levels n is selected so that the detail d n contains the frequency of the supply source (f), then the approximation with the same level, a n , only contains signal components with frequencies below f, as it can be observed in Figure 9 .
If the DWT is applied to the startup current of a healthy machine, these low frequency components are negligible, once the low frequency oscillations caused by electromagnetic connection transient are extinguished. When this transient is finished, a n remains practically null.
Otherwise, if a bar breakage exists, the left sideband harmonic has a significant amplitude throughout the startup transient; since its frequency is always below 50 Hz, this component is contained within the approximation signal a n during almost the whole startup process; since no other significant component exists within this signal, the characteristic waveform of the left sideband can be clearly recognized in the approximation a n. This enables a very reliable diagnosis of bar breakages, as it is proved in the cases analysed below. Regarding the practical details for the application of this approach, the DWT was carried out using the standard Matlab Wavelet Toolbox software. For this purpose, three parameters must be selected:
-Type of mother Wavelet: several wavelet families (Daubechies, Simlet, Biorthogonal, dmeyer, Gaussian…), have behaved satisfactorily for the extraction of the left sideband [21] , despite their different mathematical properties.
-Order of mother wavelet: This parameter influences the ideal characteristic of the filtering process [21, 27] . High order mother wavelets reduce the overlap between adjacent frequency bands and, therefore, they enable a clearer identification of the sideband component evolution. This is due to the better frequency response of the associated filter.
-Number of levels of decomposition (n): in order to contain the left sideband evolution within the approximation a n , the upper limit of its associated frequency band has to be set below the supply frequency f; since this limit depends on the sampling rate, this condition implies [21] : (8) In the next part of this Section, the method for the extraction of the left sideband based on the DWT is applied to the same four cases presented in Section 3; DWT analysis is carried out using the same startup current signals used for the low pass filtering technique. Daubechies-44 is used as mother wavelet, due to its good frequency response and, as explained above, more ideal filtering characteristic. In each case, the sampling frequency used for capturing the signals is specified, as well as the frequency range covered by the approximation signal used for the diagnosis. The upper graphs of the figures correspond to the sampled stator startup currents, whereas the lower graphs are the approximation signals a 6 obtained after applying the DWT to the current. Comparing both figures, clear differences can be observed between the evolution of the approximation signal a 6 for the healthy and faulty cases. Indeed, for the machine with one broken bar, the approximation a 6 shows a frequency evolution (first decreasing, becoming zero, and then increasing) fitting that of the left sideband.
Moreover, its evolution in amplitude is also quite characteristic, fitting approximately the theoretical evolution of the left sideband shown in Figure 1 . 
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The reason for the slight differences between the waveform for the approximation signal a 6 and that for the left sideband, shown in Figure 1 , is that the upper limit of the approximation signal is not exactly 50
Hz, but 39 Hz. The reason for setting an upper limit for the approximation signal slightly lower than the supply frequency is to avoid the partial filtering of the supply frequency component within that signal, due to the fact that a certain non ideal characteristic of the filter is always present, despite the selection of a high order mother wavelet.
Therefore, this approach enables a reliable diagnosis of the rotor fault, even in the case of a machine with a single bar breakage.
A non-dimensional parameter, based on the energy of the approximation signal used for the diagnosis, can be proposed for the quantification of the degree of severity of the fault. This parameter  AP is defined as the ratio between the energy of the approximation signal and the energy of the stator startup current signal, according to the following expression:
where i j is the value of the j sample of the current signal; a n (j) is the j element of the order n approximation signal; N s is the number of samples of the signal, until reaching the steady-state regime and N b is the number of samples between the origin of the signals and the extinction of the oscillations due to border effect.
The value for the parameter  AP computed for the 1.1 kW motor under healthy condition ( Figure 10) amounts for 46 dB, whereas its value for the machine with one broken bar ( Figure 11 ) is equal to 35.1 dB.
The much lower value for the second case confirms the existence of a fault in the machine. Figure 12 shows the application of the DWT method to the startup current signal for this case. In this csase, the sampling frequency used for capturing the signal was f s = 6000 samples/s. Thus, according to (8) the number of decomposition levels has to be set to n=6. The frequency band covered by the approximation signal a 6 is [0-46.9] Hz. Due to the proximity between the upper limit of the approximation signal and the supply frequency, a number of levels n=7 has been considered, in order to avoid the partial filtering of the supply frequency component in the band covered by the approximation [14] . Hence, in this case, the range of frequencies covered by a 7 is [0-23.5] Hz.
The amplitude of the approximation signal used for the diagnosis is very low. This informs about the healthy condition of the machine; only some very slight oscillations appear, according to the characteristic pattern associated with the anomaly. They can be due to the imperfections of the rotor cage commented above. The value for the quantification parameter  AP is this case is 107.5 dB. The approximation a 7 in that figure clearly shows the characteristic frequency evolution of the sideband component during the increasing zone (18.3 < t < 21.6). However, the decreasing and null zones are not so clear. Thus, the diagnostic of rotor fault in this case is less evident than in the previous ones. In any case, as it is shown below, in this situation, the characteristic evolution of the sideband component is partially masked by another harmonic component with frequency below 50 Hz, caused by another phenomenon not related with the bar breakage. Figure 13 . Tested current, approximation a 7 , and a zoom of a 7 for the startup of the machine of Case III.
In order to increase the reliability of diagnosis, a complementary method for detecting the sideband component by means of the DWT can be applied, such as the one proposed in [14] . Figure 14 shows the result of the application of this method to the machine under study. The method, also based on the application of DWT to the startup current, consist of analyzing the wavelet signals with level higher than n (signals with frequency bands below the supply frequency). In [14] it is proved that, in the case of bar breakages, a characteristic pattern appears on these signals; the fault creates oscillations within the wavelet signals, arranged in such a way that they reflect the frequency evolution of the sideband component through the startup transient; this pattern is clearely shown in Figure 14 . Thus, a reliable diagnostic of the asymmetry is achieved with this analysis. The quantification parameter  AP computed in this case, amounts for 99.8 dB, a value lower than in the previous case, which confirms the higher level of asymmetry in this machine. Figure 14 . Alternative DWT analysis of the startup current for the machine in Case III, based on the high-level detail signals.
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Additional useful information can be obtained from Figure 14 ; there it can be seen that the component commented before which slightly distort the sideband evolution within approximation signal a 7 , is contained here within the detail d 8 . Therefore, the frequency evolution of this component is confined within the interval [11.7, 23 .4] Hz, since this is the frequency band associated with d 8 . This fact might help to find out the origin of that component, but it seems clear that it is not related with the breakage, the presence of which is confirmed through the aforementioned characteristic pattern in the high-level wavelet signals. 
Case IV: 400 kW induction motor with clear asymmetry driving a coal mill fan
In this case, the sampling frequency was f s = 4096 samples/s. Thus, according to (8) Figure 15 shows the startup current of this machine, the approximation signal a 6 and, finally, a zoom of the central zone of a 6 . Figure 15 . Tested current, approximation a 6 , and its expanded representation for the startup of the machine in Case IV.
The characteristic evolution of the sideband component (with decreasing-increasing frequency) can be clearly recognized in the approximation signal a 6 . The similarity with respect to the theoretical evolution of the left sideband shown in Figure 1 is evident. This leads to a consistent diagnostic of rotor asymmetry.
Moreover, the value for the quantification parameter  AP is equal to 102.8 dB in this case, quite lower than for the machine of the Case II. This fact indicates the higher level of asymmetry for the current case.
CONCLUSIONS
The authors propose a methodology based on the extraction of the left sideband component from the The comparison between both proposed techniques shows that the approach based on DWT presents some advantages, as for example, the simplicity of its application using commercial software packages and the possibility of simultaneous analysis of various frequency bands; this possibility enables improving the reliability of the diagnostic for some uncertain cases.
APPENDIX I: METHODOLOGY FOR CALCULATING THE EVOLUTION OF THE LEFT SIDEBAND HARMONIC DURING THE STARTUP.
The diagnosis approaches proposed in this paper are based on the identification of the characteristic shape of the left sideband component during the startup; Although the method for calculating the evolution of the left sideband harmonic during startup is explained with detail in [20] , the authors deem interesting to include a summary of the main concepts on which the calculation process of this component is based.
-The method is based on the Deleroi approach [28] , which states that the effects of broken bars can be analysed using the concept of "fault current". This is, the analysis of a machine with a broken rotor bar can be carried out considering the superposition of two configurations: the machine in healthy state, and the machine with a current source in the bar that breaks (fault current). The fault current is always equal to the current flowing through the same bar in the healthy machine but in the opposite direction, in such a way that the total current through the bar is null.
-The fault current creates a magnetic field in the airgap (fault field). The fault field is analyzed using the space vector theory, and an expression for the time evolution of the component of this field generating the left sideband (which is a sinusoidal-shaped rotating field) is deduced. This component, for a given time, depends on the RMS value of the rotor current and on the rotor speed.
-For a given machine and load conditions, the evolution of the rotor speed and rotor bar current is calculated during the startup using a numerical model of the induction motor. From the calculated currents and speed, the evolution of the space vectors of induction and yoke flux of the fault field component creating the left sideband are also calculated.
-Finally, the evolution of the left sideband component during the startup (see Figure 1) is calculated by using a conventional numerical model of the induction motor, but with the stator and rotor windings short-circuited (all the phase voltages are null) and with an imposed yoke flux wave in every time that coincides with the yoke flux which generates the left sideband, calculated in the precedent step.
